Abstract Telomeres are terminal regions of linear eukaryotic chromosomes that are critical for genome stability and continued cell proliferation. The draft assembly of the papaya genome provides an opportunity to analyze and compare the evolution of telomeric DNA sequence composition and telomere maintenance machinery in this and other organisms of the Brassicales Order, which includes Arabidopsis. Here we investigate telomere size and sequence variation at papaya chromosome ends. As with most other plant species, papaya telomeres consist of TTTAGGG repeats. However, in contrast to members of the closely related Brassicaceae family, telomeres in papaya are~10-fold longer. Sequence analysis reveals that many centromereproximal telomere repeats in papaya harbor nucleotide substitutions and insertions of Gs and Ts. In contrast, we found very few N-to-C substitutions, and even fewer instances of nucleotide deletion, suggesting that a sixnucleotide telomere repeat is not well tolerated.
Introduction
Telomeres are nucleoprotein complexes at the ends of linear eukaryotic chromosomes that distinguish natural DNA ends from double-strand breaks and that prevent illegitimate DNA repair. In addition, telomeres solve the end replication problem by providing a means to compensate for the loss of terminal sequences due to the semi-conservative nature of DNA replication. The overall structure of telomeres is remarkably conserved across eukaryotic kingdoms (Fig. 1) . Telomeric DNA is made up of short tandem repeats of TGrich sequence: TTAGGG in vertebrates and TTTAGGG in most plants (and in some single-celled eukaryotes, such as Plasmodium falciparum). The length of telomeric DNA tract varies from organism to organism, ranging from 300 bp in budding yeast to over 100 kb in some plants [26] . The duplex region of the telomere terminates in a short singlestranded 3′ protrusion of the G-rich strand called the Goverhang. This structure is essential for normal telomere function, and mutations that compromise the 3′ overhang lead to telomere dysfunction [54] .
The first telomere sequence from a higher eukaryotic organism, TTTAGGG, was cloned from the model plant Arabidopsis thaliana [39] . This sequence is present in most higher plants, with two notable exceptions. First, several families of the monocot Order of Asparagales harbor the six base human-type telomere repeat, TTAGGG [18] . These Asparagales species likely originated from a common ancestor that lived~80 million years ago (mya) [55] . The second example of a non-canonical telomere repeat sequence arose~15 mya in several genera of the Solanaceae family [50] . The nature and type of telomere sequence in these plants is currently unknown.
Telomere repeats are separated from the rest of the genomic DNA by a transitional sequence termed the subtelomere. The exact DNA organization of the subtelomeric region varies between organisms, but a number of features are conserved, including the presence of repetitive elements and transposons [40] . Subtelomeric regions are highly dynamic and undergo frequent interchromosomal exchange. As a result, large regions of subtelomeres may be shared by several different chromosome arms [22, 34] .
Telomeric DNA tracts are bound by two major classes of sequence-specific DNA binding proteins (Fig. 1) . One group of proteins, termed Telomere Repeat binding Factors (TRF) in mammals, binds to the double-stranded region of the telomere [47] . Two TRF proteins are present in vertebrates. Upon homodimerization, both TRF1 and TRF2 bind telomeres through a Myb-type DNA binding domain [6] . TRF1 functions in telomere length control, while TRF2 participates in chromosome end protection [53] . The second group of proteins, typified by Protection Of Telomeres 1 (POT1), binds to the single-stranded Goverhang via an oligosaccharide/oligonucleotide fold (OBfold) [5, 52] . POT1, like TRF2, is essential for chromosome end protection. In mammals, both classes of telomere proteins are part of a six member telomere-specific complex termed shelterin [16] .
The telomere is a substrate for the telomerase enzyme ( Fig. 1) . Telomerase is an unusual RNA-dependent DNA polymerase that extends the G-overhang, replenishing telomere DNA sequences lost as a consequence of the end-replication problem [15] . Telomerase is a large ribonucleoprotein complex. In mammals and apparently in Arabidopsis, the core telomerase enzyme is a dimer, consisting of the catalytic reverse transcriptase subunit Based on studies from Arabidopsis and other organisms, as well as analysis of the papaya genome (this study), it is likely that papaya telomeres are bound by both double-strand (TRFL) and single-strand (POT1) telomere proteins. The core telomerase enzyme is composed of dyskerin, TERT and TER subunits and associates with the G-overhang in S-phase. The KU70/80 heterodimer as well as yet unidentified shelterin components associate with telomeres through protein-protein interactions. b Diagram of papaya telomere organization. The terminal telomere array is over 50 kb in length (blue), including variant telomere repeats (pale blue) at the junction between telomere repeats and the subtelomere sequence (red). 0.5-1.5 kb of subtelomeric DNA is followed by chromosome-specific regions (orange) with multiple insertions of Copia-and Gypsy-type retrotransposons and DNA transposons (TERT), the RNA subunit (TER), which provides RNA template for telomere elongation, and dyskerin, an RNA binding protein necessary for telomerase RNP biogenesis in vivo (C. Cifuentes-Rojas and D. Shippen, unpublished; [14, 28] . Additional telomerase-associated proteins may include the KU70/80 heterodimer [37, 42] , POT1a [49] , and a variety of other proteins [15] . Relatively little is known about telomere biology in plants. Despite efforts to increase the number of plants used as models for plant telomere biology [25, 56] , Arabidopsis remains the system of choice for studying mechanisms of telomere length homeostasis and chromosome end protection [57] . Despite its powerful genetic and molecular tools, Arabidopsis is not without limitations. One issue is that Arabidopsis belongs to a lineage that underwent several rounds of whole genome duplication [8] . As a consequence, several genes implicated in telomere biology are present in multiple copies, making their functional analysis problematic. For example, although only two TRF genes are present in vertebrates, Arabidopsis encodes at least six putative double-strand telomere binding proteins (TRF-like or TRFL), which appear to be functionally redundant [29] . Similarly, Arabidopsis harbors three distinct POT1-like genes [45, 49] (A. Nelson et al., in preparation), while humans encode only a single POT1 protein [5] .
Many questions remain regarding the function of these and other Arabidopsis telomere-related genes. Do all Arabidopsis TRFL and POT1 proteins have a function at telomeres? Are these functions similar to those described for their orthologues in yeast and vertebrates, or have novel roles for these proteins been invented in the plant kingdom? Thus, it is currently unclear whether Arabidopsis truly represents the plant kingdom with respect to its toolbox for synthesizing and maintaining chromosome ends, or whether evolution has taken different paths in various lineages of the green plants.
Papaya (Caricaceae family) and Arabidopsis (Brassicaceae family) belong to the Brassicales Order, and shared the last common ancestor approximately 70 mya [55] . As the most closely related organism to Arabidopsis with a completely sequenced genome, papaya provides a unique opportunity to investigate evolutionary aspects of telomere biology in the Brassicales Order. Strikingly, analysis of the papaya genome sequence indicates a lack of recent wholegenome duplications [34] , making comparative genomic approaches in papaya and Arabidopsis a powerful tool for evaluating the minimal number of genes necessary for successful telomere function in flowering plants. Here we present an initial characterization of papaya telomere length and sequence. In addition, we report the identification of several telomere-related genes and evaluate in more detail the phylogenetic relationship between Brassicales TERT and TRFL genes.
Results

Telomere Length in Papaya and Other Members of the Brassicales Order
Telomere length varies tremendously across the plant kingdom, ranging from 0.3 kb in green algae [38] to 30-100 kb in barley and tobacco [17, 30] . At 2.5 kb on average, telomeres in Arabidopsis thaliana are at the short end of this spectrum [39] . To investigate in more detail the evolution of telomere length set point in plants, we determined the size of telomere tracts in papaya using terminal restriction fragment (TRF) analysis. Initial analysis indicated that papaya telomeres are much longer than in Arabidopsis. To obtain a more accurate measurement of papaya telomere length, we resolved the digested DNA on SeaKem Gold Agarose, which allows efficient resolution of genomic fragments up to 50 kb and higher by conventional electrophoresis [10] . As shown in Fig. 2a , papaya telomeres appeared as a discrete pattern of bands. This profile is unusual, as telomeres in most plant species analyzed to date appear as homogeneous smears [17, 41] , with only a few exceptions [9, 21] . Since papaya contains nine chromosome pairs and 36 telomeres, these bands may represent one or several chromosome arms with similar telomere lengths. Interestingly, the papaya TRF products are at least ten times longer than those in Arabidopsis and range in size from 25 kb to well over 50 kb.
To verify that the sequences detected by TRF analysis correspond to chromosome ends, DNA was preincubated with Bal31 nuclease prior to digestion with Tru1I. Bal31 is a non-specific exonuclease that preferentially degrades DNA ends versus more internal genomic regions. After 30 and 60 min of Bal31 digestion, the high molecular weight telomeric DNA migrated faster on the gel (Fig. 2a, lanes 2  and 3) . With continued Bal31 incubation, telomeric signals became smeary and the shortest telomere bands disappeared almost completely (Fig. 2a, lanes 4-6) . In contrast, lower molecular weight bands, corresponding to interstitial crosshybridizing DNA (indicated by asterisks) were insensitive to Bal31 digestion for up to 150 min. These data confirm that the hybridizing TTTAGGG repeats represent terminal telomeric DNA.
Since telomere tracts in papaya are so much longer than those in Arabidopsis, we examined the range of telomere lengths in other species from the Brassicaceae family to determine which species is an outlier (Fig. 2b) . Intriguingly, all the Brassicaceae species we analyzed possess short Arabidopsis-like telomeres (1.5-8 kb). Since Capsella rubella with the shortest telomeres (Fig. 2b, lane 5) and Olimarabidopsis pumila with the longest telomeres (Fig. 2b, lane 6 ) are phylogenetically distant from both Arabidopsis thaliana and Brassica oleracea [2] , there is no obvious correlation between telomere size and phylogenetic relationship within Brassicaceae. Analysis of other Brassicales families will be needed to determine if the telomere length set point in this plant Order is indeed family-specific. Nevertheless, we conclude that telomere length can vary dramatically within closely related plant species.
Sequence Analysis of Subtelomeric and Telomeric DNA Regions in Papaya
Having established the total length of papaya telomeric tracts, we next examined the terminal sequence on chromosome ends in more detail. As part of the papaya genome sequencing project, 13 subtelomeric contigs were cloned and sequenced. Multiple Copia-and Gypsy-like retrotransposons and various DNA transposons were found in papaya subtelomeric regions [34] . In addition, inspection of subtelomeric regions indicated that nine of them share 0.5-1.5 kb of nearly identical DNA sequence immediately adjacent to terminal telomeric repeats [34] ; Fig. 1b . A similar organization has been reported for several other eukaryotes, including yeast, Plasmodium and many plants [12, 21, 22] . Notably, the organization of subtelomeric DNA in papaya contrasts sharply with Arabidopsis subtelomeres, which consist of unique sequence on eight out of ten chromosome arms [23, 32] .
The sequence of the most terminal telomeric repeats on each chromosome arm is constantly modified through the combined action of nucleotide loss due to the endreplication problem and nucleotide gain through telomerase action. In contrast, the most centromere-proximal telomere repeats (the most internal region of the telomere repeat array that is immediately adjacent to the subtelomeric DNA tract) have likely not been acted upon by telomerase or the end-replication problem for millions of years, and thus these sequences provide an opportunity to analyze mutations that have accumulated in terminal chromosomal DNA over extended evolutionary time [36] . Mutations in centromere-proximal telomere repeats could potentially result from stochastic events, such as inter-or intra-chromosomal recombination or random nucleotide changes introduced by conventional DNA polymerase or DNA repair machineries. Alternatively, such mutations could represent misincorporations by telomerase, which occurred millions of years ago when telomerase synthesized telomeric DNA de novo to cap newly formed chromosome ends.
We examined the composition of papaya centromereproximal telomere repeats for variations in telomere nucleotide content and repeat composition. We analyzed the nine available subtelomeric contigs that contain over 20 telomeric repeats (Table 1) . For each contig, we calculated the total number of nucleotide deviations from the wild type sequence, TTTAGGG (Table 2) . We found that 6-21% of the telomere nucleotides in each contig represent a substitution or an insertion (Table 2) . A high portion of all sequenced telomere repeats (38-76%, depending on the chromosome arm) contained at least one nucleotide substitution or insertion. One exception was the telomere tract on contig_22622, which displayed only a single nucleotide substitution out of 427 telomeric nucleotides ( Table 2 ). The apparent lack of variant telomere repeats on this chromosome arm is intriguing and is consistent with a recent intra-or inter-chromosomal recombination with a more terminal, and less variant, telomere tract.
As an internal control, we analyzed two contigs composed exclusively of long stretches of telomeric repeats without adjacent subtelomeric sequence (Tables 1 and 2 ). These TELO-only contigs displayed significantly fewer mistakes. One TELO-only contig had 54 perfect telomere repeats (contig_48345), while in the other contig (contig_47027) mistakes were interspersed throughout the entire sequence (28/1020 total sequenced nucleotides,~3%). The low number of mistakes in TELO-only contigs argues that these sequences may represent telomeric DNA derived from the extreme terminus of papaya chromosome ends.
Up to 5% of centromere-proximal telomere repeats in rice consist of the six nucleotide human repeat (TTAGGG) [36] . In contrast, among 535 centromere-proximal telomere repeats analyzed in papaya, only two instances of a single nucleotide deletion were found (Table 1 , italicized repeats in contig_30940). On the other hand, there were many instances of nucleotide insertions, all of which reflected addition of either T or G (Tables 1 and 2 ). We classified these mistakes as T-and G-slippage [20] . There was no obvious preference towards either type of slippage overall: individual contigs differed in the ratio of the two types of mistakes ( Table 2 ). The total frequency of T-and G- 54 Contig sequences were trimmed of non-telomeric DNA. Telomeric DNA starting with the first full TTTAGGG repeat is shown in the 5′-3′ orientation in lower case. Mistakes in telomeric sequence are shown in upper case, and mistakes classified as T-or G-slippage are italicized. The two repeats with a single nucleotide deletion in contig_30940 are italicized. Contigs 47027 and 48345 consist only of telomeric repeats slippage was much higher in papaya than in rice telomere arrays, corresponding to 26% versus 1.2% of the total mistakes, respectively [36] .
Frequency and Distribution of Individual Nucleotide Mistakes
Previous studies demonstrated that plant telomerases can extend non-telomeric DNA primers in vitro in a process mimicking de novo telomere synthesis in vivo. This process is error-prone and results in nucleotide misincorporation and T-and G-slippage [20] . We reasoned that if the mistakes found in the centromere-proximal portion of the papaya telomere array were introduced by telomerase at some point in papaya genome evolution, the type and frequency of nucleotide substitutions should be similar to mistakes made by plant telomerases in vitro. To test this idea, we analyzed individual nucleotide substitutions at each position in the papaya repeat (T1, T2, T3, A4, G5, G6 and G7). Consistent with in vitro generated telomerase products [20] , a low number of substitutions (<2%) was observed at guanine positions 5-7 (Table 3) . Similar results were also reported for rice [36] . However, in contrast to rice, where most substitutions occurred at the thymidine positions 1-3, the most commonly substituted nucleotide was adenine (42% of all substitutions in the repeat). In the majority of cases, A was changed to G (74%). Thymidines in positions 1-3 were mostly changed to G (100% for T1, 65% for T2) or to A (61% for T3). Interestingly, very few substitutions to C were observed for any nucleotide in the repeat, suggesting that this non-telomeric nucleotide is not well tolerated in papaya telomere repeats. The few substitutions to C occurred in the second (17.5%), the third (25%) and the fourth positions (21%).
Overall, repeats with a single nucleotide substitution accounted for the majority of variant repeats in papaya (>62%), followed by repeats with double point mutations (>33%). The most abundant variants were single-nucleotide substitutions tttGggg, Gttaggg and tttCggg (Table 4 , repeats with an asterisk). The only exception was the variant ttAGggg, with T to A and A to G conversions. This sequence, which is present in 22 copies on six contigs, may be the product of telomerase template slippage, in which the enzyme skipped the first T and then added an extra G to produce the complete 7-nt repeat. In addition, similar to the situation in rice [36] , several contigs harbor arrays of variant repeats that are unique for a particular chromosome arm (Table 4 , repeats with two asterisks). Overall, the type and frequency of nucleotide mistakes found in papaya centromere-proximal telomere repeats correlate well with mistakes generated by plant telomerases in vitro [20] .
Identification and Sequence Analysis of Telomere-Related Genes
We queried the papaya genome for genes encoding several known regulators of telomere length homeostasis (Fig. 1) . First, we identified the papaya telomerase catalytic subunit, TERT (accession EU906908). Carica papaya TERT harbors all the canonical functional motifs described for other TERTs (Fig. 3a) . TERT has previously been characterized in Arabidopsis and rice, as well as several monocot species that synthesize human-type TTAGGG repeats [19, 24, 51] . Consistent with previous studies [51] , papaya TERT protein sequence appears to diverge fast. Papaya TERT is 58% similar to Arabidopsis TERT and 46% similar to rice TERT overall. To analyze molecular evolution of TERT in more detail, we extended our analysis of TERT proteins to several other members of the green plant lineage with sequenced genomes, including poplar, grapevine (both dicots), Selaginella (a spikemoss) and two species of Ostreococcus (green algae) (accessions EU909207-EU909210). The availability of these novel sequences from different branches of plant evolution, as well as TERTs previously identified in two monocot Orders and in Arabidopsis, allowed us to reconstruct a phylogenetic tree of plant TERT proteins (Fig. 3b) . In general, the molecular evolution of TERT proteins coincides with the established phylogenetic relationship of the respective plant species. Algal proteins formed a sister clade to all other plant sequences, and Selaginella TERT was placed as a sister node to flowering plants. Within Angiosperms, TERT proteins from dicot and monocot species formed two distinct clades.
Interestingly, in many of the functional TERT motifs, amino acid changes between papaya and Arabidopsis TERT proteins were observed (Fig. 3a, asterisks) . In most instances, Arabidopsis TERT harbored an amino acid substitution that set it apart from papaya and from other plant TERTs. While the functional significance of these changes is unknown, their relative abundance suggests that TERT may experience a faster rate of molecular evolution in Arabidopsis than in other plants. Several amino acid substitutions in TERT proteins from monocot species have been proposed to contribute to the synthesis of human-type repeats generated by these telomerases [51] . Specifically, the F858W substitution in motif C (numbering as in Arabidopsis TERT) was proposed as a potential mediator of the unusual enzymatic properties of these telomerases [51] . We found that the TERTs in the two species of green algae analyzed in this study, which synthesize the standard TTTAGGG repeats, also contain W in this position (Fig. 3a) . Similarly, other mutations proposed to influence TTAGGG synthesis, including A618K (motif 1) and F693A (motif A), are also found in Selaginella TERT, which synthesizes canonical TTTAGGG telomere repeats (Fig. 3a) . Thus, these residues are unlikely to be responsible for the altered telomerase specificity.
While telomerase subunits are present as single copy genes in most eukaryotic genomes, including plants, several telomere-binding proteins are encoded by multi-gene families in Arabidopsis. To determine if this is also true for papaya, we used the Arabidopsis POT1a and POT1b sequences to query the papaya genome for a POT1 orthologue. We found evidence for only a single full-length POT1 gene in papaya (accession EU887728). The predicted protein shares~58% similarity to both AtPOT1a and AtPOT1b throughout its sequence, suggesting a remarkably fast divergence rate for POT1 proteins. Although a second locus with sequence similarity to the 5′ end of CpPOT1 gene was detected, this segment appears to be a pseudogene, based on the presence of multiple in-frame stop codons and the lack of a sequence corresponding to the 3′end of the gene (data not shown).
We next searched for TRFL genes, which encode doublestrand telomere DNA binding proteins [29] . We performed BLAST searches using the characteristic DNA binding domain of Arabidopsis TRFL proteins. In contrast to Arabidopsis, which harbors six TRFL genes, we detected only two papaya TRFL genes, designated CpTRFL1 and CpTRFL2 (accessions EU909205 and EU909206). Both papaya genes encode proteins with a highly conserved Cterminal Myb and Myb-extension domain, which in plants is essential for specific telomeric DNA binding in vitro [27, 29, 48] . In addition, both TRFL proteins in papaya contain a Telobox motif found in all double-strand telomere binding proteins [7] (Fig. 4a) . Furthermore, papaya TRFL proteins also contain a central domain (CD), which is present in all plant TRFL proteins, but not in TRF proteins from mammals [29] . The function of this 80 amino acid region is currently unknown. Phylogenetic analysis indicated that CpTRFL1 is most closely related to AtTBP1 and AtTRFL9, while CpTRFL2 is most similar to AtTRFL2 (Fig. 4b) . Notably, AtTBP1 has been shown to negatively regulate telomere length in Arabidopsis [27] . Thus, TRFL1 and TRFL2 in papaya may be more closely related to the ancestral TRFL genes in Brassicales.
Discussion
Evolution of Telomere Length Homeostasis in Brassicales
Telomere length is tightly regulated and a species-specific length set point is achieved for each organism. Plants exhibit a wide variety of telomere lengths, but thus far there has been no concerted, systematic analysis of telomere length in phylogenetically related plant species. Previous studies indicated that telomeres in representatives of two dicot families, Brassicaceae (Arabidopsis thaliana) and Caryophyllaceae (Silene latifolia) possess short telomeres in the range of 2-5 kb [39, 41] , while members of the Solanaceae family (tomato, tobacco) harbor telomeres in the size range of 30-100 kb [17, 21] . To further investigate the origin of this remarkable variation in telomere length, we examined telomere lengths in two closely related families of the Brassicales Order, Caricaceae (papaya) and Brassicaceae. Our data indicate that Brassicaceae species bear relatively short telomeres in the same range as Arabidopsis telomeres. In contrast, papaya telomeres are an order of magnitude longer, more like telomeres in members of the distantly related Solanaceae family. Thus, it now appears that not only species-specific, but also familyspecific telomere length set points are established in plants.
Analysis of additional members of the Caricaceae family as well as representatives from other closely related families of plants will be necessary to more precisely establish the timing of the telomere set point change within the Brassicales Order. The TRF-like proteins are key players in modulating telomerase access. In yeast and human cells, the number of these proteins bound to the telomere is precisely measured, and this information is used to help determine whether a particular telomere tract should be extended by telomerase [26, 33] . This "protein-counting" mechanism allows for preferential extension of the shortest telomeres in the population. Thus, telomerase recruitment may be more efficient or less regulated in plant species with very long telomeres. Arabidopsis telomerase has the intrinsic ability to synthesize exceptionally long telomere tracts in vivo; KU mutants generate telomeres twice the size of wild type in a single plant generation [42] . Thus, negative regulation of telomerase is a major mechanism controlling telomere length.
The absolute number of TRF-like genes or speciesspecific differences in their expression levels may influence telomere length set point. It is notable that papaya encodes only two TRFL proteins, as opposed to six in Arabidopsis [29] . If telomerase regulation is controlled through the combined action of all available TRFL proteins, this could account for greater inhibition of telomerase in Arabidopsis than in papaya, resulting in very different telomere lengths. An argument against this model is that rice possesses short telomeres (5-10 kb) [25] , and yet encodes only two TRFL proteins). Thus, it is unlikely that differences in the number of TRFL genes will be sufficient to account for dramatic variation in telomere length set point among related plant species. In support of this conclusion, different natural accessions of Arabidopsis, rice and maize display two-fold or higher differences in the length of their telomeres [11, 35, 44] . Other features of TRFL proteins, such as their relative affinity for telomeric DNA or differences in their interactions with other shelterin factors, are likely to contribute to species-specific telomere length set point.
Variant
Telomere Repeats in the Centromere-Proximal Region of Papaya Telomere Arrays Just as telomere length varies widely among different organisms, so does telomerase fidelity. In budding yeast, telomerase naturally produces variant repeats TG 1−3 , not all of which provide proper binding sites for the yeast doublestrand telomere-binding protein Rap1p [33] . In plants, telomerase fidelity has been analyzed in an in vitro chromosome healing assay [20] . This study examined a wide range of plant telomerases from monocot and dicot species. Most plant telomerases were found to be errorprone, with error rates between 1.0×10 −2 and 1.8×10 −3 .
These enzymes generated a higher number of nucleotide substitutions, insertion or deletions in the first few synthesized repeats than in the repeats added more distal to the primer 3′ terminus. Importantly, the number of Gand T-slippages was remarkably high, accounting for up to 52% of all mistakes [20] .
To test if similar properties could be attributed to telomerase activity in vivo, we examined centromereproximal telomere repeats immediately adjacent to the subtelomere in papaya. These repeats have likely been generated by telomerase millions of years ago when current subtelomeric chromosomal DNA became terminal, and thus these sequences may provide clues concerning de novo telomere formation by the papaya telomerase. Multiple nucleotide substitutions and insertions were found in centromere-proximal telomere repeats on most chromosome arms. In addition, we detected very few nucleotide deletions and a much higher number of nucleotide insertions. Overall, the nucleotide variations in papaya telomere repeats are remarkably similar to mistakes generated by plant telomerases during de novo telomere synthesis in vitro [20] .
Several lines of evidence suggest that telomere sequence variations detected in subtelomere-adjacent repeats are not simply sequencing mistakes. First, if mistakes were introduced during cloning or sequencing steps, they would be expected to be distributed equally throughout telomeric DNA on all contigs. Instead, the number and type of telomere mistakes differs between contigs. Second, although telomeric repeats are notoriously difficult to clone and sequence, two contigs that consist exclusively of telomeric repeats were obtained (Table 2) . While in one of them (contig_47027), only 3% of all nucleotides differ from the perfect canonical sequence, the sequence of the second contig_48345 (54 repeats in total), contained no mistakes at all. Similarly, the 12639-nt long contig_22622 contains just one mistake in the telomeric region.
The number and types of nucleotide changes in the centromere-proximal telomere repeats of papaya correlate well with results reported for humans. Human variant telomere repeats are abundant and occur mostly in centromere-proximal telomere repeats [1, 4] . Moreover, mistakes in the 6 bp periodicity in human telomeres are rare, and are attributed to replication slippage or occasional intra-allelic recombination, rather than mistakes introduced by telomerase [3] . These findings argue that genetic processes underlying molecular evolution of telomere repeat regions are conserved between plants and animals.
Similar to the situation in rice [36] , our data suggest that despite the increased number of nucleotide mistakes, most papaya centromere-proximal variant telomere repeats may still be functional with regard to DNA binding by TRFL proteins. Biochemical studies and crystal structures of plant TRFL proteins indicate that their preferred binding site is GGGTTT, although TRFL proteins will bind to variants of this sequence with less affinity [48, 57] . This core sequence is preserved in the vast majority of variant papaya telomere repeats analyzed in our study.
Evolution of Telomere-Related Genes in Plants
Several amino acid changes in monocot TERT proteins have been proposed to influence telomerase activity and to promote the synthesis of human-type telomere repeats in these plants [51] . To test this hypothesis in a phylogenetically broader context, we obtained and examined novel TERT sequences from six additional plant species. No correlation between the amino acid changes in motifs C, 1 and A of monocot TERTs and the synthesis of human-type telomere repeats were observed, indicating that the switch in the sequence of telomere repeats synthesized by some monocot telomerases does not result from changes in TERT. Rather, we believe the cause is more likely to stem from a single nucleotide deletion in the template region of the RNA subunit of telomerase.
Our comparative analysis of plant TERT sequences also revealed that Arabidopsis TERT is evolving faster than other plant TERTs, as it harbors several amino acid substitutions in conserved functional motifs that are not found in other TERTs. This finding correlates well with recent evidence of positive selection in a telomerase-associated protein POT1a (E. Sharikov, et. al, in preparation), and suggests that evolutionary pressure may be acting on several components of the Arabidopsis telomerase holoenzyme.
An important finding from our analysis of the papaya genome is the striking amplification of genes encoding telomere-binding proteins in Arabidopsis versus papaya. As expected from two rounds of genome duplication in the specific lineage leading to Arabidopsis, members of the Brassicaceae family encode at least two highly divergent POT1 proteins [46] , while POT1 is a single-copy gene in papaya. Thus, we can now estimate the timing of POT1 gene duplication in Brassicaceae to~34 mya, when the last common ancestor of all Brassicaceae underwent a wholegenome duplication [43] .
A more extreme example of increased gene copy number is apparent for the TRFL family. Current data indicate that TRFL proteins negatively regulate telomere length in plants [25, 27, 56] . However, T-DNA disruptions of five TRFL genes in Arabidopsis did not result in obvious defects in telomere biology [29] . Mutation in the sixth gene, TBP1, leads to a mild degree of telomere elongation, which only becomes apparent in the third generation of mutants [27] . Thus, it is likely that members of TRFL gene family in Arabidopsis are functionally redundant.
The identification of only two TRFL genes in papaya suggests that plants, like humans, may need only two TRFL proteins for successful telomere length regulation and chromosome end protection. In support of this model, only two TRFL genes can be detected in the genomes of rice and the moss Physcomitrella patens. Nevertheless, amplification of TRFL gene family members is a common theme in other representatives of the plant kingdom, including poplar and Selaginella, which encode three or more TRFL proteins. While the functional importance of multiple TRFL genes remains unclear, additional members of this protein family could provide an extra level of regulation for telomere length homeostasis and end protection.
In conclusion, the availability of the Carica papaya and Arabidopsis thaliana genomes provides a unique opportunity to evaluate evolution of plant telomeres in two highly related organisms. Specifically, the discovery of a small number of TRFL genes in papaya and the elucidation of their phylogenetic relationship to the members of the larger TRFL gene family in Arabidopsis will significantly focus future investigations of this gene family. Detailed analysis of the streamlined papaya genome [34] will provide a A characteristic feature of MYB domain containing telomere-binding proteins is the highly conserved Telobox motif. b Phylogenetic tree of papaya and Arabidopsis TRFL proteins. Alignment and tree reconstruction performed as described in Fig. 3b powerful tool for facilitating investigations of other gene families that underwent extensive amplification in the Brassicaceae family, but not in its close relative Caricaceae.
Methods
Plant Materials and Growth Conditions
Seeds for Brassicaceae family members Arabidopsis thaliana, A. suecica, A. arenosa, A. lyrata, Capsella rubella, Olimarabidopsis pumila and Brassica oleracea were obtained from ABRC (Ohio State University, Columbus), cat. ## CS 60000, CS3895, CS3901, CS22696, CS22697, CS22562 and CS29002, respectively. Papaya samples were obtained from commercial cultivars. Seeds were sown in soil, cold-treated overnight at 4°C, then placed in an environmental growth chamber and grown under a 16/8-hr light/dark photoperiod at 23°C.
Telomere Length Analysis and Bal31 Digestion DNA from individual plants was extracted as described [13] . TRF analysis was performed with Tru1I (Fermentas) restriction enzyme and 32 P 5′ end-labeled (T 3 AG 3 ) 4 oligonucleotide as a probe [19] . Gel electrophoresis was performed using high gel strength, low EEO (≤0.05) SeaKem Gold Agarose (Lonza, Cat. # 50152), specifically developed for efficient resolution of genomic DNA fragments up to 50 kb and higher by conventional electrophoresis. Electrophoresis was performed in 0.3% agarose in 1X TAE buffer for 48 h at 25 V. Radioactive signals were scanned by a STORM PhosphorImager (Molecular Dynamics), and the data were analyzed by IMAGEQUANT software (Molecular Dynamics). For the Bal31 exonuclease assay, 100 μg of papaya genomic DNA was incubated with 50 units of Bal31 (New England Biolabs) or with H 2 O (0 min time point) in 1X Bal31 reaction buffer at 30°C. Equal amounts of sample were removed at 30 min intervals for 150 min. Reactions were stopped by the addition of 20 mM EGTA and heating to 65°C for 15 min. DNA in each sample was precipitated with isopropanol and ammonium acetate, followed by Tru1I digestion and blotting as described above.
BLAST Searches, Gene Predictions and Phylogenetic Analysis
BLAST searches of the papaya genome were performed using the tblastn option available at the papaya genome portal (http://asgpb.mhpcc.hawaii.edu/tools/tools.php) with Arabidopsis telomere-related proteins as a query. Individual cDNA sequences were deduced using a combination of EST alignments and various gene prediction programs available at the papaya genome portal. TERT sequences from poplar (Populus trichocarpa), grapevine (Vitis vinifera), Selaginella moellendorffii, Ostreococcus taurus and Ostreococcus lucimarinus were obtained from the corresponding genome portals (http://genome.jgi-psf.org/ euk_cur1.html) using similar approaches. Predicted plant cDNAs were deposited into the GenBank under the following accession numbers: EU887728 (CpPOT1), EU906908 (CpTERT), EU909205 (CpTRFL1), EU909206 (CpTRFL2), EU909207 (PtTERT), EU909208 (SmTERT), EU909209 (OlTERT), EU909210 (OtTERT). While this work was in preparation, the sequence of VvTERT was deposited into the GenBank under the accession CAO40853. Alignment and phylogenetic analysis of TERT and TRFL sequences was performed with MEGA3 software [31] using neighbor-joining method with 10,000 bootstrap replicates. The sequences of the papaya subtelomeric contigs were deposited into GenBank (EU910963-EU910972). GenBank accession for subtelomeric contig_30940 is ABIM01030891.
